Through an ENU mutagenesis screen, using wt1 as a marker, we sought mutations that perturb glomerular 3 Department of Medicine Harvard Medical School assembly without affecting acquisition of the wt1 fate in the IM. We found five mutations in which wt1 cells Boston, Massachusetts 02119 do not migrate medially. We noted that they shared the common feature of impaired or absent circulation. One of these mutations mapped genetically to a small interSummary val containing the titin gene. This mutation did not complement an allele of a mutation we have identified as The local presence of endothelial cells seems necescausing a cardiac-specific mutation in titin, a composary for proper embryonic development of several ornent of the myofibril of the heart, and not expressed in gans. However, the signals involved are unknown. The the kidney [36] . This suggested that the glomerular deglomerulus is generated by the coalescence of podofect might arise secondary to the cardiac dysfunction. cytes around an ingrowing capillary and is the site of
development. This recovery indicates that there is no
How might physical forces be transduced into molecular signals guiding glomerular morphogenesis? Endosignificant cellular damage caused by circulatory failure.
In order to examine whether the apparent flow-related thelial genes have been shown to be sensitive to mechanical stretch in their expression levels, and several signal derives from the vessel, we focally occluded the aorta, using a laser to generate a clot at the radix (Figure  are in known signaling pathways [17-19] . smad6 and smad7, in the BMP pathway [20] , are not detectable by 3B), a region just rostral to the point near which podocytes assemble [13] . In these embryos, a normal heart in situ hybridization using expressed sequence tags in the embryonic vessels at these stages. Pharmacological beat and cranial circulation are retained, but there is no glomerular assembly.
blockade of the nitric oxide and angiotensin converting enzyme signaling pathways do not perturb glomerular Embryos that lack flow do not appear to be delayed in development. Even as late as 72 hpf, the wt1-labeled assembly (unpublished data). MMP-2 is expressed in vascular smooth muscle cells primordia remain bilateral, and glomerular morphogenesis fails to occur ( Figure 4A) . We assayed the developand endothelium in a stretch-sensitive fashion [21] [22] [23] . MMP-2 acts to degrade collagen type IV and is involved ment of the emerging liver bud, a neighboring structure, as well as the size of the growing pectoral fin buds in in permitting cell migration through tissues [24] . We find that a zebrafish ortholog of matrix metalloproteinase-2 both wild-type and isl mutants. assembly. The absence of flow does not appear to interfere with normal cellular differentiation. Both endothelial and podocytic cell fates are achieved. Rather, it is the medial migration and midline coalescence of these cells that is affected. The dependence upon flow might contribute to the absence of vascularization noted previously in cultured mouse metanephric kidney rudiments when explanted [26] .
Our data strongly implicate MMP-2 as the transducing signal between mechanical force of the circulation and glomerular morphogenesis. This is compatible with the known sensitivity of MMP-2 expression to stretch [21] [22] [23] . The proteolytic activity of MMP-2 upon collagen could serve to remodel components of the glomerular basement membrane that separates the podocytes from the capillary endothelium and thereby would facilitate medial migration and vessel invasion [27] . Metanephric glomerular formation is also disrupted in the absence of the laminin ␣ 5 chain, another component of the basement membrane [28] . Alternatively, MMP-2 may act to release stores of inactive signals in the extracellular matrix. For example, a related gelatinase, MMP-9, can release bioactive VEGF from a storage pool in pancreatic tumors [29] .
Why might endothelial cell signaling during organogenesis be dependent upon intravascular flow or pressure? In the case of the kidney of fresh water fish, it may be critical to coordinate glomerulogenesis with blood flow. It would be detrimental to develop the fenestrated endothelium of glomerular vessels, designed to enhance fluid loss from the vessel, without having the glomerulus assembled to receive the ultrafiltrate.
Clearly, vascular stretch plays critical roles in adult cardiovascular pathology, with increased pressure exacerbating atherosclerosis and cardiac hypertrophy [30] [31] [32] . To our knowledge, this report is the first evidence that circulatory force per se drives organogenesis in the embryo.
Experimental Procedures

Zebrafish Lines
Wild-type zebrafish were maintained and raised as described [33] . Dechorionated embryos were kept in egg water and staged ac- antisense riboprobe. Purified TIMP-2 was purchased from Calbio-(B) island beat and wild-type sibling embryos stained with the fkd2 chem and used as a 7 g/ml solution. Injection of inhibitors was probe marking the emerging liver bud at 48 hpf and with fgf8 marking carried out using a previously described microangiography methe apical ectodermal ridge, also at 48 hpf. The size of the growing thod [35] . pectoral fin buds appear normal in isl. supmat/supmatin.htm.
